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Edited by Maurice MontalAbstract High voltage-activated Ca2+ channel expression and
gating is controlled by their b subunits. Although the sites of
interaction are known at the atomic level, how b modulates gat-
ing remains to be determined. Using a chimeric approach, b sub-
unit regulation was conferred to a low voltage-activated channel.
Regulation was dependent on a rigid linker connecting the a1
interaction domain to IS6. Chimeric channels also revealed a
role for IS6 in channel gating. Taken together, these results sup-
port a direct coupling model where b subunits alter movements in
IS6 that occur as the channel transits between closed, open, and
inactivated states.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Calcium inﬂux via voltage-gated calcium channels acts as
an intracellular messenger that controls a variety of processes
ranging from how we think to how our muscles contract [1].
Therefore the activity of these channels is tightly regulated by
auxiliary subunits, G proteins, protein kinases, and calmodu-
lin [2]. High voltage-activated (HVA) Ca2+ channels are mul-
ti-subunit complexes containing the main pore-forming
subunit a1, and the auxiliary subunits a2d (Cava2d), b(Cavb),
and sometimes c1 (Cavc1). The b subunits control the voltage
dependence of activation, inactivation, probability of open-
ing, pharmacology, and expression at the cell surface [3–5].
These b subunits bind to a sequence motif, the a interaction
domain (AID), located in the intracellular loop that connects
Repeats I and II [6]. Mutations in the AID that destabilized b
binding to a12.1 also reduced its ability to increase channel
expression and regulate channel properties [6], leading to
the hypothesis that binding to the AID mediates all forms
of b-subunit regulation. Subsequent studies have been able
to separate these two eﬀects [7–11]. Using fusion proteins*Corresponding author. Fax: +1 434 982 4440.
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was estimated at 6–10 nM by two independent methods
[12,13]. The interaction is reversible, allowing a single b pro-
tein to chaperone many a1 subunits to the plasma membrane
[10,11]. Recently the structure of b subunits were solved in
the presence of AID peptides [14–16]. Critical a1 residues
[12] were found to bind in a hydrophobic pocket within b.
Notably, the AID peptides used in these studies did not in-
clude the linker separating the AID from IS6. Despite the de-
tailed understanding of a1–b interactions, the mechanism by
which b subunits alter channel gating is not known. To ad-
dress this question, we exploited the fact that the a1 subunits
of low voltage-activated channels (a13.1) are not regulated by
b subunits to make gain-of-function chimeras. Here we show
that b subunits are directly coupled to the last transmem-
brane segment of repeat I (IS6). Since replacement of IS6
profoundly eﬀects channel gating, we conclude that b sub-
units modulate HVA channels by altering the mobility of
their IS6 segment.2. Methods
2.1. Construction of chimeric calcium channels
Chimeras were engineered using the overlapping extension PCR
method [17] using 0.5 U KOD1 DNA polymerase (Novagen, Madison,
WI). Two step cycle conditions were applied according to the manufac-
turers protocol. The ﬁnal PCR product was cloned into the pCR4 vec-
tor using the Zero Blunt TOPO PCR cloning kit (Invitrogen,
Carlsbad, CA). Full length chimeric constructs were made by subclon-
ing fragments from pCR4 into a rat brain a13.1 cDNA contained in
pcDNA3 [18]. Poly-Ala (PA6) and poly-Gly (PG6) substitutions in
the I–II linker of the G12B chimera were introduced by the Quik-
change protocol (Stratagene, La Jolla, CA) employing 1 U of Pfu
DNA polymerase. All chimeric clones were sequenced in the region
that was used for the mutagenesis reactions.2.2. Electrophysiological recordings and data analysis
Methods for recording and analyzing whole cell currents have been
described previously [19]. Human embryonic kidney cells (293; Amer-
ican Type Culture Collection, Manassas, VA) were transiently trans-
fected with either rat a13.1, rat brain a12.2, or chimeric cDNA, in
the absence and presence of rat b1b, b2a, b3, or b4 [3] all cloned into
pcDNA3 (Invitrogen). Positive cells were identiﬁed by co-transfection
of a cDNA encoding the green ﬂuorescent protein (pGreen Lantern,
Invitrogen). The external solution contained (in mM): 5 CaCl2 (or 10
BaCl2 for a12.2), 166 tetraethyl ammonium (TEA) chloride, and 10
HEPES, pH adjusted to 7.4 with TEA-OH. Initial studies of the NI–
II chimera were performed using the oocyte expression system using
10 mM Ba2+ as charge carrier and methods described previously [20].
The internal pipette solution contained (in mM): 125 CsCl, 10 EGTA,
2 CaCl2, 1 MgCl2, 4 Mg-ATP, 0.3 Na3GTP, and 10 HEPES, pHation of European Biochemical Societies.
Fig. 1. b-Subunits only regulate HVA Ca2+ channels. (A) Alignment
of the AID sequence from a12.2 with the homologous region in a13.1.
Identical residues in both sequences are highlighted in grey. The central
region contains residues that form important contacts with the b-
subunit (L-GY–WI). Although these residues are conserved in all HVA
3908 J.M. Arias et al. / FEBS Letters 579 (2005) 3907–3912adjusted to 7.2 with CsOH. Access resistance in the whole cell conﬁg-
uration averaged 4.4 MX. Data from cells where the access resistance
exceeded 7.5 MX were discarded. Series resistance was compensated
between protocols to 70% (prediction and correction; lag, 10 ls),
resulting in maximal residual voltage error below 1.6 mV during mea-
surement of the current–voltage relationship. The voltage-dependence
of activation was calculated by ﬁtting the I–V data from each cell with
the following equation: I = Gmax * (Vm  Vrev)/(1 + exp(V50  Vm)/k),
where I is the peak current at each test potential, Gmax is the maximal
conductance, Vm is the test potential, Vrev is the apparent reversal po-
tential, V50 is the mid-point of activation, and k is the slope factor.
Conductance (G) was calculated using a modiﬁed form of Ohms law
(G = I/(Vm  Vrev)). Current density was calculated using the peak cur-
rent divided by the cell capacitance. Average cell capacitance was
11.6 pF.
Circular dichroism spectroscopy. Peptides corresponding to the ﬁrst
19 amino acids from either a12.2 I–II (GEFAKERERVENR-
RAFLKL), PA6 (GEFAKERERAAAAAAFLKL) or PG6 (GEFA-
KERERGGGGGGFLKL) were synthesized at the University of
Virginia Biomolecular Research Facility. The identity and purity of
the peptides were conﬁrmed by high performance liquid chromatogra-
phy and mass spectrometry. Peptides were dissolved at 1 mg/ml in 88%
methanol and 1.2 mM potassium phosphate buﬀer pH 6.9 [21]. CD
data were also collected using peptides dissolved in either in 10 mM
potassium phosphate buﬀer, pH 6.9 alone, or in the additional pres-
ence of 15 mM 2,2,2-triﬂuoroethanol. CD spectra were obtained on
an AVIV model 215 spectropolarimeter (Aviv Biomedical, Lakewood,
NJ). Three scans were recorded at 25 C and 1 nm resolution, then
averaged. The CD signals (millidegrees; h) were corrected by subtract-
ing the blank signal of cuvette plus buﬀer. Mean residue ellipticity ([h])
and fractional helix content were calculated as described previously
[22,23].a1-subunits, they are not conserved in LVA subunits. (B,C) Coexpres-
sion of b2a with a13.1 had no signiﬁcant eﬀect on the density of
currents or kinetics. (D,E) Coexpression of b2a subunits with a12.2
increases current density and slows inactivation kinetics. Smooth
curves represent ﬁts to the average I–V data using the equation given in
Section 2. Data represent the mean ± the standard error to the mean
(S.E.M), where the number of cells studied is given in Table 1. All
ﬁgures use the same symbol scheme where a1 alone is represented by
solid symbols and a1 + b2a by ﬁlled symbols. Representative current
traces are shown in the absence and presence of b2a (dotted grey line).
The voltage protocol included a depolarizing step to either 40 (C) or
+20 (E) from a holding potential of 100 mV. Data were scaled to the
maximum.3. Results and discussion
3.1. b subunits do not modulate the biophysical properties of
T-type channels
Calcium channel b subunits (Cavb) bind to an 18 amino
acid domain on the a1 subunit (AID) that is located on the
intracellular loop connecting repeats I and II [6]. The AID se-
quence in a1-subunits is well conserved across both families
of HVA Ca2+ channels (Cav1 and Cav2), but poorly con-
served in LVA channels (Cav3). Notably missing from the
a1 subunits of Cav3 channels are 2 of the 5 key residues
(Fig. 1A) that make contact with the b-subunit [14–16]. Evi-
dence that native Cav3 channels are not regulated by b-sub-
units was provided by antisense knockdown experiments,
which showed that depletion of b-subunits altered HVA cur-
rents with no eﬀect on LVA currents [24]. To test whether re-
combinant a13.1 channels could be regulated we coexpressed
it with each of the four b-subunits. Expression of a13.1 alone
led to the induction of robust currents with all of the typical
properties of low voltage-activated T-type currents [18].
Coexpression with any of the b subunits had no signiﬁcant
eﬀect on a13.1 channel expression, voltage dependence, or
kinetics (only results with b2a are shown in Fig. 1B and
C). In contrast, b2a subunits stimulated a12.2 currents over
4-fold, shifted its voltage-dependence of activation, and slo-
wed current inactivation (Fig. 1D and E). Similar eﬀects of
b on a12.2 gating were reported previously in the oocyte
expression system [5]. These results demonstrate the eﬃcacy
of 293 cells for expression and detection of b-subunit eﬀects,
and conﬁrm that b-subunits do not aﬀect the gating of a13.1
channels [25]. Therefore we hypothesized that introducing the
HVA AID sequence into an LVA channel might confer b-
subunit regulation.3.2. Transfer of b regulation
The ﬁrst chimera was produced (NI–II) using polymerase
chain reaction to amplify a12.2 DNA encoding the ﬁrst 111
amino acids of the I–II loop, and subcloned into a13.1 using
HindIII and BspEI restriction enzyme sites (Fig. 2A). This re-
sulted in a chimera that retained the ﬁrst 32 and last 7 amino
acids of the a13.1 I–II loop (Fig. 2B). Neither the voltage
dependence of activation nor the kinetics of the NI–II chi-
mera were aﬀected by b2a (Table 1). This result indicates that
simple addition of an AID containing loop does not necessar-
ily confer b-subunit regulation to an LVA channel. The sec-
ondary structure predicted by the SOPMA algorithm [26]
correctly identiﬁes the AID as an a-helix [14,16], and also
predicts an a-helix for most of the linker connecting the
AID to IS6 (Fig. 2C). Notably, the amino acid sequence of
this linker is more highly conserved across the three Cav2
a1-subunits in human, rat, and mouse, than is the AID se-
quence (only 1 substitution vs 4, respectively). In contrast,
the extra linker sequence in a13.1 that precedes the homolo-
gous AID sequence is predicted to also include two random
coil segments, and this linker was retained in the NI–II
chimera.
Fig. 2. Transfer of the I–II loop from an HVA channel confers b-
subunit regulation onto an LVA channel. (A) Schematic diagram
illustrating the four repeats of a13.1, and the cytoplasmic I–II loop
transferred from a12.2 (thick line). (B) Amino acid sequence of the
amino terminal side of the I–II loop, and the location of the a13.1-2.2
junctions in the chimeras NI–II and G12B. Periods represent a gap in
the alignment. (C) The amino acid sequence of the same region of
a12.2 and a13.1 a1-subunits. Predicted secondary structure is repre-
sented by h for a-helix; e for b sheet; c for random coil, and t for
turn. (D) Current–voltage relationships for the G12B chimera
recorded in the absence () or presence of b2a (). Data represent
mean ± S.E.M from 12–13 cells. (E) Normalized current traces
obtained during step depolarizations to 40 from a holding potential
of 100 mV. (F) Plots of the normalized conductance, and (G) R150
also include data obtained from cells transfected with G12B+ the
P237R mutant of b2a (diamonds, n = 5). Similar b2a regulation of
G12B was observed using 10 mM Ba2+ as charge carrier and 5 mV
steps between test potentials.
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subunits to regulate channel activity? To address this ques-
tion we created a chimera (G12B) where the I–II linker of
a12.2 was directly fused to the IS6 segment of a13.1 (Fig.
2B). Counterintuitively, introduction of HVA sequences into
an LVA channel created a channel that gated at even lower
voltages; both the I–V and h1 curves were shifted 20 mV
(Table 1). This shift in LVA gating suggests that the I–II loop
plays a role in determining the voltage dependence of LVAchannels. A second unexpected result was that the currents
from the chimera were greater than wild-type (Gmax a13.1,
15 ± 2, n = 10; G12B, 33 ± 6, n = 15, P < 0.05). The I–II loop
of HVA channels has been shown to contain ER retention
signals [27], so the chimera might have had reduced expres-
sion. The ﬁnding of increased currents is more consistent with
the hypothesis that other intracellular loops of the HVA
channel participate in the formation of the ER retention sig-
nal [28]. The result is also consistent with the disruption of an
ER retention signal in LVA channels. Coexpression of G12B
with any of the b subunits had no signiﬁcant eﬀect on current
density (e.g., Gmax for G12B + b2a, 24 ± 3, n = 21, P = 0.15;
Fig. 2D). This result is consistent with the hypothesis that
b-subunits increase current density by masking an ER reten-
tion signal, and that such signals are not functioning in the
chimera.
More important to the goals of the present study, the bio-
physical properties of the G12B chimera were regulated by
b-subunits. Coexpression with b2a shifted the voltage-depen-
dence of activation of G12B by 7 mV in the hyperpolarizing
direction, signiﬁcantly slowed channel inactivation, and de-
creased the extent of inactivation as measured by the residual
current (R150) at the end of the pulse (Fig. 2D–G, Table 1). A
similar shift in the voltage dependence of activation was ob-
served with b1b (V50 shifted 5 mV, Table 1). One property
that was not transferred to the chimera was the ability of b sub-
units to shift steady-state inactivation (Table 1). Of note, this is
not a property shared by all the b subunits, as b2a has little or
no eﬀect, while other b isoforms shift the h1 curve of a12.2 to
hyperpolarized potentials [29]. As a negative control, we coex-
pressed G12B with the b2a mutant P237R, which has been
shown to disrupt b2a regulation [4,30]. Channel properties re-
corded in the presence of the P237R mutant were indistinguish-
able from that recorded from G12B alone (Fig. 2F and G).
Recent studies suggest that the I–II linker might act directly
to plug the channel pore [31]. If so, b-subunits might regulate
this interaction. To test whether the I–II linker that is distal to
the AID was involved in b regulation, we constructed the chi-
mera GAIDB. This chimera had the same a13.1–2.2 junction
as G12B (Fig. 2B), but moved the a12.2–3.1 junction to just
after the AID (ends at AATKK), thereby deleting most of
the a12.2 linker, but retaining the rest of a13.1 linker (from
RSGQE on). b2a regulation of GAIDB was similar to that ob-
served with the G12B chimera: b2a shifted the voltage depen-
dence of activation 6 mV and increased the residual current
1.8-fold (Table 1). Taken together, these results clearly demon-
strate the transfer of b-subunit regulation to an LVA channel,
indicate the importance of the linker connecting the AID to
IS6, and suggest that the post-AID linker is not involved in
b regulation.3.3. Structure of the IS6-AID linker is essential for b-subunit
regulation
The propensity of amino acids to contribute to secondary
structures is well established: a-helices are stabilized by ala-
nines, but disrupted by glycines. To test whether the linker
joining IS6 to the AID was an a-helix, we replaced the central
region of this linker in the G12B chimera with 6 consecutive
glycines (G12B-PG6, Fig. 3A). As a control, these same 6 res-
idues were also replaced with alanine (G12B-PA6). The central
part of the helix was chosen so as not to disrupt either IS6 or
Table 1
Summary of biophysical properties of a13.1 and chimeras and their regulation by b subunits
Activation Inactivation R150 (%)
V50 (mV) k (mV) V50 (mV) k (mV)
a13.1 42.9 ± 0.7 6.2 ± 0.2 (9) 74.2 ± 0.8 4.7 ± 0.1 (8) 2.2 ± 0.3 (9)
a13.1 + b2a 44.1 ± 0.4 6.2 ± 0.1 (4) 75.4 ± 0.3 4.6 ± 0.2 (4) 2.4 ± 0.2 (4)
NI–II 51.4 ± 0.9 4.7 ± 0.1 (9) 72.2 ± 0.9 4.1 ± 0.2 (9) 1.1 ± 0.5 (9)
NI–II + b2a 52.2 ± 0.5 4.6 ± 0.2 (9) 72.7 ± 0.7 4.1 ± 0.2 (9) 1.3 ± 0.6 (9)
G12B 63.1 ± 0.7 4.3 ± 0.1 (12) 93.1 ± 0.8 4.0 ± 0.1 (11) 2.9 ± 0.2 (12)
G12B + b2a 69.8 ± 0.8\\ 4.4 ± 0.1 (13) 94.4 ± 0.4 3.9 ± 0.1 (8) 9.6 ± 0.6 (13)\\
G12B + b1b 67.8 ± 0.9\ 4.7 ± 0.2 (8) 93.4 ± 1.2 3.9 ± 0.1 (6) 8.0 ± 0.9 (8)\\
GAIDB 63.8 ± 0.6 4.8 ± 0.1 (12) 96.4 ± 1.4 3.8 ± 0.1 (5) 3.7 ± 0.5 (13)
GAIDB + b2a 70.2 ± 1.0\\ 4.9 ± 0.1 (16) 96.4 ± 2.2 3.5 ± 0.1 (4) 6.8 ± 0.8(16)\\
G12B-PG6 62.3 ± 0.9 4.6 ± 0.2 (6) 95.3 ± 2.4 3.3 ± 0.3 (5) 0.8 ± 0.3 (6)
G12B-PG6 + b2a 63.8 ± 0.5 4.4 ± 0.1 (7) 93.9 ± 0.4 3.7 ± 0.1 (6) 1.2 ± 0.3 (7)
G12B-PA6 64.2 ± 0.5 4.4 ± 0.2 (10) 91.5 ± 0.7 3.7 ± 0.1 (10) 1.6 ± 0.2 (10)
G12B-PA6 + b2a 68.8 ± 0.7\\ 4.7 ± 0.1 (9) 92.6 ± 0.5 3.6 ± 0.1 (9) 4.9 ± 0.7 (9)\\
Data are expressed as mean values ± S.E.M. Numbers of cells are shown in parentheses. Values of the normalized residual current (R150) correspond
to data recorded near the peak of the IV: 20 mV Cav3.1, and 40 mV for the chimeras. R150 was calculated by dividing the current measured after
150 ms of depolarization by the peak current observed during that pulse. Statistically signiﬁcant changes (P < 0.01) induced by b2a subunits are
indicated with a double asterisk.
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SOPMA analysis indicates that the a-helix would be disrupted
in G12B-PG6 and maintained in G12B-PA6 (Fig. 3A). Both
chimeras expressed robust currents (150–200 pA/pF). As pre-
dicted, the channel activity of the PG6 chimera was not regu-
lated by b-subunits; they had no signiﬁcant eﬀect on either the
activation curve or on inactivation kinetics or R150 (Fig. 3B
and C). In contrast, b-subunits modulated these properties in
the PA6 chimera (Fig. 3D and E). The ability of b2a to shift
the IV and increase R150 of all wild-type and chimeric channels
are illustrated in Fig. 3F and G (data in Table 1).
3.4. Circular dichroism studies
As a further test, we used circular dichroism (CD) spectros-
copy to show that the IS6-AID linker can form an a-helix.
The CD spectra of proteins containing helices show negative
peaks in the 210–230 nm region, and the fractional helix con-
tent of a peptide, Fhelix, can be calculated from the CD signal
at 222 nm [23]. CD studies of synthetic peptides correspond-
ing to the N-terminal helix of ribonuclease A have demon-
strated that proper folding depended on many factors
including the presence of organic solvents such as methanol
or triﬂuoroethanol [32]. We observed a similar eﬀect of sol-
vent on the structure of a 19 amino acid long peptide corre-
sponding to the linker between IS6 and the AID: values of
Fhelix followed the rank order of methanol > triﬂuoroetha-
nol > buﬀer alone with values of 42%, 19%, and 7%, respec-
tively. In all three conditions, peptide corresponding to the
poly-glycine substitution disrupted helix formation, display-
ing Fhelix values of 8.5%, 3.4%, and 1%, respectively. Peptide
corresponding to the poly-alanine substitution displayed sim-
ilar properties as the wild-type (comparison of the 3 peptides
in methanol is shown in Fig. 3H and I). Although the helical
content of the wild-type peptide was less than 100%, the re-
sults are similar to those obtained with peptides based on
the a-helix of ribonuclease T1 [33], and is likely due to fraying
of the helix at the ends of the peptide [34]. We conclude that
the IS6-AID linker is capable of forming an a-helix, and that
the poly-glycine and poly-alanine substitutions modiﬁed this
structure as predicted.3.5. Evidence that IS6 is involved in channel gating
A common gating mechanism of ion channels involves
opening of the channel walls near the cytoplasm [35,36],
which in voltage-gated channels represents movements of
their S6 segments. Studies on the regulation of K+ channels
by G protein bc-subunits revealed the importance of a glycine
hinge in the middle of the analogous pore-lining segment [37].
All voltage-gated Ca2+ channel a1-subunits contain a glycine
in the analogous position (ﬁrst G in Fig. 4A), while all HVA
channels contain two additional glycine residues that are not
conserved in LVA channels. To test the importance of these
non-conserved glycine residues to b-subunit regulation we
created chimeras similar to G12B but that included greater
contributions from the a12.2 IS6 sequence (Fig. 4A). Shifting
the junction two residues into the cytoplasmic end of IS6
(VG) had little eﬀect on channel activity when compared to
G12B, although both chimeras inactivated slower than
a13.1 (Fig. 4B and C). Quite dramatic eﬀects on channel
activity were observed when the junction was moved further
so that IS6 now included six a12.2 residues (GG), while shift-
ing the junction further had little additional eﬀect (HIS6). In
comparison to a13.1, these chimeras showed the following
changes in activity: slower rate of inactivation; less complete
inactivation (i.e., greater persistent current); slower activation
kinetics during test pulses close to the threshold for channel
opening; and steeper voltage dependence of activation. These
results demonstrate an important role of IS6 in mediating
transitions between closed, open, and inactivated channels.
The sharp transition between the last 2–6 residues in IS6 indi-
cates that this region is particularly important for channel
gating, and as suggested for a11.2 channels [38], may form
an inner gating ring as found in K+ channels [36]. Contrary
to expectations, inclusion of these glycine residues did not in-
crease the extent of b-subunit regulation; b2a shifted activa-
tion of VG by 5 mV and of GG by 7 mV, and increased
R150 of VG by 3.3-fold and of GG by 1.4-fold (P < 0.01
for all). These results suggest that the lower half of IS6 below
the conserved GS motif moves as a rigid body for both LVA
and HVA channels as observed previously in K+ channels
[35,37,39].
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We have shown that transfer of part of an HVA channel I–II
linker (from end of IS6 to just after the AID motif) is suﬃcient
to confer aspects of b-subunit regulation onto an LVA chan-
nel. The lack of regulation in a chimera that retained a piece
of the LVA I–II loop was informative, leading us to explore
the nature of the linker separating IS6 from the b-binding site.
Substitution of six consecutive glycines abolished b-subunit
regulation. This eﬀect was not due to loss of speciﬁc sequences
as substitution with six alanines that would maintain an a-he-
lix also maintained b-subunit regulation. Studies on the role of
IS6 demonstrated that this transmembrane segment plays aFig. 4. The role of IS6 in channel gating. (A) Amino acid sequence
of the IS6 chimeras where the region corresponding to a12.2 is
shaded. The glycine residue that occurs in the middle of the IS6
segment is marked with a triangle, while the replaced glycine
residues are marked with asterisks. The other end of the chimeric
region remained constant, and was the same as for G12B (see
Section 2). (B) Representative traces recorded during steps to
20 mV for a13.1 (solid line), NI–II (dashed line overlapping a13.1),
VG (solid line), G12B (dashed line overlapping VG), GG (solid
line), and HIS6 (dashed line overlapping GG). (C) Average
inactivation kinetics for the IS6 chimeras plotted against the relative
position of the junction. For example, the G12B chimera is plotted
as being 0 residues away since the junction occurs at the end of IS6
(inverted triangles). Results from the NI–II chimera are shown in
diamonds; VG in triangles; GG in squares; and HIS6 in circles. All
data were obtained in the absence of b-subunits.major role in the transitions between channel states. We con-
clude that one of the mechanisms by which b-subunits regulate
HVA channel activation and kinetics is by altering the mobility
of IS6, and that this eﬀect is mediated by a direct coupling of
IS6 to the AID by a rigid linker [40]. The ability of b-subunits
to enhance inactivation was not transferred in these LVA–
HVA chimeras, indicating that there are additional mecha-
nisms of regulation.Fig. 3. Disruption of the structure of the linker separating IS6 and the
AID. (A) Amino acid sequence of the amino terminal portion of the I–
II loop for G12B and the poly-glycine (G12B-PG6) and poly-alanine
(G12B-PA6) chimeras. Secondary structure prediction (SOPMA algo-
rithm) is shown using the same code as in Fig. 2 legend. Coexpression
with the b2a-subunit had no eﬀect on the voltage dependence of
activation (B) or current kinetics (C) of PG6 channels (n = 6–7). In
contrast, b2a shifted the activation curve (D) and increased persistent
currents (E) of PA6 channels (n = 9–10). Data obtained are shown in
the absence (ﬁlled symbols) or presence of b2a (open symbols). Bar
graphs summarize the ability of b2a-subunits to shift the voltage-
dependence of activation (F) and to increase persistent currents (G).
Persistent currents of a13.1 and chimeras were measured after 150 ms
of depolarization to the peak of the I–V (a13.1, 20 mV, chimeras
40 mV), while a12.2 were measured after 350 ms of depolarization to
+20 mV. Scale bar applies for both panels C and E. Statistically
signiﬁcant eﬀects are marked with asterisks (P < 0.01). (H) Mean
residue ellipticity at 222 nm was determined from circular dichroism
spectra of peptides corresponding to the wild-type (WT), G12B-PG6
(PG6), and G12B-PA6 (PA6). Data were obtained at 25 C in the
presence of 88% methanol. (I) Percent a-helix calculated from the
mean residue ellipticity at 222 nm for the three peptides.
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